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1
PROCESS FOR PRODUCING NANO
GRAPHENE REINFORCED COMPOSITE
PARTICLES FOR LITHIUM BATTERY
ELECTRODES

FIELD OF THE INVENTION

The present invention provides a process for making a nano
graphene reinforced composite particle material for use in a
lithium ion battery electrode (anode or cathode) or in a
lithium metal cathode.

BACKGROUND

The description of the prior art will be primarily based on
the list of references presented at the end of this section. For
convenience, the references will be cited with a numerical xx
enclosed in a square bracket, [Ref. xx] or simply [xx].

Concerns over the safety of earlier lithium secondary bat-
teries led to the development of lithium ion secondary batter-
ies, in which pure lithium metal sheet or film was replaced by
carbonaceous materials as an anode. There are three funda-
mentally distinct types of carbonaceous anode materials: (a)
graphite, (b) amorphous carbon, and (c¢) graphitized carbon.

The first type of carbonaceous material includes primarily
natural graphite and synthetic graphite (or artificial graphite,
such as highly oriented pyrolitic graphite, HOPG) that can be
intercalated with lithium and the resulting graphite intercala-
tion compound (GIC) may be expressed as Li, Cg, where x is
typically less than 1. In order to minimize the loss in energy
density due to the replacement of lithium metal with the GIC,
x in Li, Cg must be maximized and the irreversible capacity
loss Q,, in the first charge of the battery must be minimized.
The maximum amount of lithium that can be reversibly inter-
calated into the interstices between graphene planes of a
perfect graphite crystal is generally believed to occur in a
graphite intercalation compound represented by Li,C (x=1),
corresponding to a theoretical specific capacity of 372 mAh/

Carbon anodes can have a long cycle life due to the pres-
ence of a protective surface-electrolyte interface layer (SEI),
which results from the reaction between lithium and the elec-
trolyte (or between lithium and the anode surface/edge atoms
or functional groups) during the first several charge-discharge
cycles. The lithium in this reaction comes from some of the
lithium ions originally intended for the charge transfer pur-
pose. As the SEI is formed, the lithium ions become part of the
inert SEI layer and become irreversible, i.e. they can no
longer be the active element for charge transfer. Therefore, it
is desirable to use a minimum amount of lithium for the
formation of an effective SEI layer. In addition to SEI forma-
tion, Q,, has been attributed to graphite exfoliation caused by
electrolyte/solvent co-intercalation and other side reactions
[Refs. 1-4].

The second type of anode carbonaceous material is amor-
phous carbon, which contains no or very little micro- or
nano-crystallites. This type includes the so-called “soft car-
bon” and “hard carbon.” The soft carbon is a carbon material
that can be readily graphitized at a temperature 0f2,500° C. or
higher. The hard carbon is a carbon material that cannot be
graphitized even at a temperature higher than 2,500° C. In
actuality, however, the so-called “amorphous carbons” com-
monly used as anode active materials are typically not purely
amorphous, but contain some small amount of micro- or
nano-crystallites. A crystallite is composed of a small number
of graphene sheets (basal planes) that are stacked and bonded
together by weak van der Waals forces. The number of
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graphene sheets varies between one and several hundreds,
giving rise to a c-directional dimension (thickness Lc) of
typically 0.34 nm to 100 nm. The length or width (La) of these
crystallites is typically between tens of nanometers to
microns.

Among this class of carbon materials, soft and hard car-
bons made by low-temperature pyrolysis (550-1,000° C.)
exhibit a reversible capacity of 400-800 mAh/g inthe 0-2.5V
range [Refs. 1-3]. Dahn et al. have prepared the so-called
house-of-cards carbonaceous material with enhanced capaci-
ties approaching 700 mAh/g [Refs. 1,2]. Tarascon’s research
group obtained enhanced capacities of up to 700 mAh/g by
milling graphite, coke, or carbon fibers [Ref. 3]. Dahn et al.
explained the origin of the extra capacity with the assumption
that in disordered carbon containing some dispersed
graphene sheets (referred to as house-of-cards materials),
lithium ions are adsorbed on two sides of a single graphene
sheet [Refs. 1,2]. It was also proposed that Li readily bonded
to a proton-passivated carbon, resulting in a series of edge-
oriented Li—C—H bonds. This provides an additional source
of Li* in some disordered carbons [Ref. 5]. Other researchers
suggested the formation of Li metal mono-layers on the outer
graphene sheets [Ref. 6] of graphite nano-crystallites. The
amorphous carbons of Dahn et al. were prepared by pyrolyz-
ing epoxy resins and may be more correctly referred to as
polymeric carbons. Polymeric carbon-based anode materials
were also studied by Zhang, et al. [Ref. 7] and Liu, et al. [Ref.
8].

The following mechanisms for the extra capacity over the
theoretical value of 372 mAh/g have been proposed [Ref. 4]:
(1) lithium can occupy nearest neighbor sites; (ii) insertion of
lithium species into nano-scaled cavities; (iii) lithium may be
adsorbed on both sides of single layer sheets in very disor-
dered carbons containing large fractions of single graphene
sheets (like the structure of a house of cards) [Refs. 1,2]; (iv)
correlation of H/C ratio with excess capacity led to a sugges-
tion that lithium may be bound somehow in the vicinity of the
hydrogen atoms (possible formation of multi-layers of
lithium on the external graphene planes of each crystallite in
disordered carbons) [Ref. 6]; and (vi) accommodation of
lithium in the zigzag and armchair sites [Ref. 4].

Despite exhibiting a high capacity, an amorphous carbon
has a low electrical conductivity (high charge transfer resis-
tance) and, hence, resulting in a high polarization or internal
power loss. Conventional amorphous carbon-based anode
materials also tend to give rise to a high irreversible capacity
due to the existence of too many defect sites that irreversibly
trap lithium.

The third type of anode carbonaceous material is graphi-
tized carbon, which includes meso-carbon microbeads (MC-
MBs) and graphitized carbon fibers (or, simply, graphite
fibers). MCMBs are usually obtained from a petroleum heavy
oil or pitch, coal tar pitch, or polycyclic aromatic hydrocarbon
material. When such a precursor pitch material is carbonized
by heat treatment at 400° to 500°, micro-crystals called
mesophase micro-spheres are formed in a non-crystalline
pitch matrix. These mesophase micro-spheres, after being
isolated from the pitch matrix (pitch matrix being soluble in
selected solvents), are often referred to as meso-carbon
microbeads (MCMBs). The MCMBs may be subjected to a
further heat treatment at a temperature in the range of 500° C.
and 3,000° C. In order to obtain a stably reversible capacity in
an anode, commercially available MCMBs are obtained from
heat-treating mesophase carbon spheres at a temperature
typically above 2,000° C. and more typically above 2,500° C.
for an extended period of time. Graphitized carbons have
several drawbacks:
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(1) Due to such time-consuming and energy-intensive pro-
cedures, MCMBs have been extremely expensive. Like-
wise, the production of all types of graphite fibers (va-
por-grown,  rayon-based, pitch  based, and
polyacrylonitrile-based) is also tedious and energy-in-
tensive and the products are very expensive.

(2) The production of MCMBs having a very small diam-
eter, particularly 5 pm or less has been difficult. When
the concentration of optically anisotropic small spheres
(meso-phase spheres) increases, the small spheres tend
to coalesce and precipitate to produce bulk mesophase
and separation of small spheres becomes difficult. This
is likely the reason why MCMBs with a bead size less
than 5 um are not commercially available. Smaller
anode active material particles are essential to high-rate
capacity of a lithium ion battery, particularly for power
tool or hybrid vehicle power applications.

(3) Furthermore, both MCMBs and graphite fibers give rise
to an anode capacity of typically lower than 350 mAh/g
and more typically lower than 320 mAh/g.

In addition to carbon- or graphite-based anode materials,
other inorganic materials that have been evaluated for poten-
tial anode applications include metal oxides, metal nitrides,
metal sulfides, and the like, and a range of metals, metal
alloys, and intermetallic compounds that can accommodate
lithium atoms/ions or react with lithium. Among these mate-
rials, lithium alloys having a composition formula of LiaA (A
is a metal such as Al, and “a” satisfies O<a #5) are of great
interest due to their high theoretical capacity, e.g., Li,Si
(3,829 mAh/g), Li, ,Si (4,200 mAh/g), Li, ,Ge (1,623 mAh/
g), Li, ,Sn (993 mAh/g), Li;Cd (715 mAh/g), Li;Sb (660
mAbh/g), Li, ,Pb (569 mAl/g), LiZn (410 mAh/g), and Li;Bi
(385 mAl/g). However, in the anodes composed of these
materials, severe pulverization (fragmentation of the alloy
particles) occurs during the charging and discharging cycles
due to expansion and contraction of the anode active material
induced by the absorption and desorption of the lithium ions.
The expansion and contraction, as well as pulverization of
active material particles result in loss of contacts between
active particles and conductive additives and loss of contacts
between the anode active material and its current collector.
This degradation phenomenon is illustrated in FIG. 1. These
adverse effects result in a significantly shortened charge-
discharge cycle life.

To overcome the problems associated with such mechani-
cal degradation, three technical approaches have been fol-
lowed in the battery industry and scientific research commu-
nity:

(1) Reducing the size of the active material particle (pre-
sumably for the purpose of reducing the strain energy
that can be stored in a particle, which is a driving force
for crack formation in the particle). However, a reduced
particle size implies a higher surface area available for
potentially reacting with the liquid electrolyte.

(2) Depositing the electrode active material in a thin film
form directly onto a current collector, such as a copper
foil. However, such a thin film structure with an
extremely small thickness-direction dimension (smaller
than 500 nm) implies that only a small amount of active
material can be incorporated in an electrode, providing a
low total lithium storage capacity (even though the
capacity per unit mass can be large).

(3) Using a composite composed of small electrode active
particles supported with or protected by a less active or
non-active matrix, e.g., carbon-coated Siparticles [Refs.
14-18], sol gel graphite-protected Si, metal oxide-coated
Si or Sn [Ref. 12], and monomer-coated Sn nano par-
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ticles [Ref. 13]. Presumably, the protective matrix pro-
vides a cushioning effect for particle expansion or
shrinkage, as well as prevents the electrolyte from con-
tacting and reacting with the electrode active material.
Examples of anode active particles are Si, Sn, and SnO,.
However, all of prior art composite electrodes have defi-
ciencies in some ways, e.g., in most cases, less than
satisfactory reversible capacity, poor cycling stability,
high irreversible capacity, ineffectiveness in reducing
the internal stress or strain during the lithium ion inser-
tion and extraction steps, and other undesirable side
effects.

For instance, Hung [Ref. 9] disclosed a method of forming
a composite anode material. The steps include selecting a
carbon material as a constituent part of the composite, chemi-
cally treating the selected carbon material to receive nano
particles, incorporating nano particles into the chemically
treated carbon material, and removing surface nano particles
from an outside surface of the carbon material with incorpo-
rated nano particles. A material making up the nano particles
alloys with lithium. This was a complex process that was not
amenable to mass production. Furthermore, the resulting car-
bon/nanoparticle composite anodes did not exhibit any sig-
nificant increase in capacity, mostly lower than 400 mAh/g,
which is not much better than the specific capacity of graph-
ite.

It may be noted that the coating or matrix materials used to
protect active particles (such as Si and Sn) are carbon [Ref.
14-18], sol gel graphite [Ref. 19], metal oxide [Ref. 12],
monomer [Ref. 13], ceramic [Ref. 10], and lithium oxide
[Ref. 11]. These protective materials are all very brittle and/or
weak (of low strength). Ideally, the protective material should
meet the following requirements: (a) The coating or matrix
material should be of high strength and stiffness so that it can
help to refrain the electrode active material particles, when
lithiated, from expanding to an excessive extent; (b) The
protective material should also have high fracture toughness
or high resistance to crack formation to avoid disintegration
during repeated charging-discharging cycles; (¢) The protec-
tive material must be inert (inactive) with respect to the elec-
trolyte, but be a good lithium ion conductor; and (d) The
protective material must not provide any significant amount
of defect sites that irreversibly trap lithium ions. The prior art
protective materials [e.g., Ref. 10-19] all fall short of these
requirements. Hence, it was not surprising to observe that,
even with high-capacity Si as an anode active material, the
resulting anode typically shows a reversible specific capacity
much lower than 1,000 mAl/g (based on per gram of the
composite material). Furthermore, in most cases, the elec-
trode was not operated beyond 50 cycles, mostly fewer than
40 cycles.

Further attempts to improve the capacity and cycling sta-
bility of a lithium ion battery involved the formation of more
complex composite structures. For instance, Si particles were
first coated with a shell of SiO, and the resulting core-shell
structures were then dispersed in a carbon matrix [Ref.
20,21]. Some improvements have been achieved with this
approach, but at the expense of significantly reducing mate-
rial processing ease. In one case [Ref. 20], the reversible
capacity is still low (<800 mAh/g) even though the electrode
survives 200 cycles. In another case [Ref. 21] where a slow
and expensive CVD process was used to prepare the complex
structure, a specific capacity of 1,500 mAh/g was achieved,
but only up to 50 cycles.

Complex composite particles of particular interest are (a) a
mixture of separate Si and graphite particles dispersed in a
carbon matrix prepared by J. Yang, et al. [Ref. 22-24] and by
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Mao, et al. [Ref. 27], (b) carbon matrix containing complex
nano Si (protected by oxide) and graphite particles dispersed
therein [Ref. 25], and (c¢) carbon-coated Si particles distrib-
uted on a surface of graphite particles [Ref. 26]. Again, these
complex composite particles led to a specific capacity lower
than 800 mAl/g (for up to 30-40 cycles only) [Ref. 22-24],
lower than 600 mAh/g (up to 40 cycles) [Ref. 25], or lower
than 460 mAl/g (up to 100 cycles) [Ref. 26]. These capacity
values and cycling stability are not very impressive. It appears
that carbon by itself is relatively weak and brittle and the
presence of micron-sized graphite particles does not improve
the mechanical integrity of carbon since graphite particles are
themselves relatively weak. Graphite was used in these cases
presumably for the purpose of improving the electrical con-
ductivity of the anode material. Furthermore, polymeric car-
bon, amorphous carbon, or pre-graphitic carbon may have too
many lithium-trapping sites that irreversibly capture lithium
during the first few cycles, resulting in excessive irreversibil-
ity.

In summary, the prior art has not demonstrated a composite
material that has all or most of the properties desired for use
as an anode material in a lithium-ion battery. Thus, there is an
urgent and continuing need for a new anode for the lithium-
ion battery that has a high cycle life, high reversible capacity,
low irreversible capacity, small particle sizes (for high-rate
capacity), and compatibility with commonly used electro-
lytes. There is also a need for a method of readily or easily
producing such a material in large quantities. It would be
further desirable to have a versatile composite approach that
is applicable to both anode and cathode materials.
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SUMMARY OF THE INVENTION

For the purpose of increasing the strength, stiffness, and
fracture toughness of a protective matrix (such as carbon) to
maintain the structural integrity of an electrode (either anode
or cathode), presumably one can make use of carbon nano-
tubes (CNTs) as a primary nano reinforcement additive since
CNTs are known to have high strength and stiffness. How-
ever, at this stage of development, CNTs are extremely expen-
sive and cannot be produced at a high rate in large quantities.
The high costs associated with NGPs have been the primary
reason responsible their limited uses in industry thus far.

Instead of trying to develop much lower-cost processes for
making CNTs, the applicants and co-workers have worked
diligently to develop alternative nano-scaled carbon materials
that exhibit comparable properties, but are more readily avail-
able and at much lower costs. This development work has led
to the discovery of processes for producing individual nano
graphene sheets (individual basal plane sheets) and stacks of
multiple nano graphene sheets, which are collectively called
nano graphene platelets (NGPs). The structures of these
materials may be best visualized conceptually by making a
longitudinal scission on the single-wall or multi-wall of a
nano-tube along its tube axis direction and then flattening up
the resulting sheet or plate. In practice, NGPs are obtained
from a precursor material, such as minute graphite particles,
using a low-cost process, but not via flattening of CNTs. It is
important to herein point out that NGPs and CNTs are two
totally different classes of materials.
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One of'the cost-effective processes for NGPs is exfoliation
of graphite to produce graphite worms of loosely connected
flakes, followed by separation of these flakes into isolated
(unconnected) nano graphene platelets using mechanical
means, such as air jet milling, rotating-blade shearing, and
ultrasonication. These nano materials are cost-effective sub-
stitutes for CNTs or other types of nano-rods for various
scientific and engineering applications. These diligent efforts
have led to several patents or patent applications related to
NGPs [Refs. 32-40].

For instance, Jang, et al. [Ref. 33] disclosed a process to
readily produce NGPs in large quantities. The process
includes the following procedures: (1) providing a graphite
powder containing fine graphite particles preferably with at
least one dimension smaller than 200 pm (most preferably
smaller than 1 pm); (2) exfoliating the graphite crystallites in
these particles in such a manner that at least two graphene
planes are fully separated from each other, and (3) mechanical
attrition (e.g., ball milling) of the exfoliated particles to
become nano-scaled, resulting in the formation of NGPs with
platelet thickness smaller than 100 nm. The starting powder
type and size, exfoliation conditions (e.g., intercalation
chemical type and concentration, temperature cycles, and the
mechanical attrition conditions (e.g., ball milling time and
intensity) can be varied to generate, by design, various NGP
materials with a wide range of graphene plate thickness,
width and length values. We have successfully prepared
NGPs with an average length in the range of 0.5 to 10 um).
However, the length or width can be smaller than 500 nm and,
in several cases, smaller than 100 nm. Ball milling is known
to be an effective process for mass-producing ultra-fine pow-
der particles. The processing ease and the wide property
ranges that can be achieved with NGP materials make them
promising candidates for many important engineering appli-
cations. The electronic, thermal and mechanical properties of
NGP materials are comparable to those of carbon nano-tubes;
but NGPs are now available at much lower costs and in larger
quantities. Again, NGPs are a new, emerging class of nano
materials that are distinct and different from CNTs.

It is also important to point out that although NGPs can be
derived from natural or artificial graphite, NGPs and graphite
are also different and distinct classes of materials. Graphite is
a poly-crystalline material characterized by a powder struc-
ture, wherein each graphite particle is composed of multiple
graphite crystallites typically with each crystallite having
both the c-axis dimension, Lc, and the a-axis dimension, La,
much greater than 100 nm. These crystallites are randomly
oriented with respect to one another and are loosely bonded
together with defected grain-boundary zones. By contrast,
NGPs can be as thin as a single atomic plane (also referred to
as basal plane or graphene plane), which has a thickness of
approximately 0.34 nm. This single-layer graphene is a build-
ing block for several different types of nano carbon materials
(e.g., Fullerene, CNTs and multi-layer NGPs). NGPs can
have a thickness up to 100 nm. A multi-layer NGP could be
viewed as an ultra-thin single crystal of graphite. The thick-
ness (or number of layers) of an NGP is a fundamentally
important parameter. For instance, although a single-layer
NGP is a zero-band gap semi-metal, a two-layer graphene is
a semiconductor with a finite band gap. Although a single-
layer graphene is a ferromagnetic material, a double-layer
graphene can be an anti-ferromagnetic material, and a mul-
tiple-layer NGPs (greater than 3 or more layers) can be para-
magnetic. Hence, the thickness of an NGP is not just a geo-
metric parameter, this parameter is an intrinsic material
structural feature. Although graphite is a relatively weak and
brittle material, nano graphene has been recently observed to
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exhibit the highest strength among all materials known to the
scientific community [41]. Additionally, nano graphene also
exhibits the highest thermal conductivity among existing
materials [42]. New and unique properties of graphene are
emerging on a daily basis. For a quick overview of this new
subject, please refer to [Ref. 43].

After extensive and in-depth research and development
efforts, we came to realize that NGPs (particularly those with
a thickness <10 nm, preferably <1 nm) are very effective in
enhancing the mechanical properties of a protective matrix
(such as amorphous carbon or polymeric carbon, polymer,
and metal oxide) in a lithium battery electrode. NGP-rein-
forced protective matrix materials are capable of cushioning
the stresses-strains induced to an electro-active particle dur-
ing lithium insertion and extraction (discharge and charge)
cycles. Surprisingly, NGPs were found to significantly
enhance the structural integrity (strength and fracture resis-
tance) of a range of protective matrix materials for electrodes,
to the extent that a high specific capacity was maintained over
a much larger number of cycles compared with those elec-
trodes without an NGP-reinforced protective matrix.

Hence, in one preferred embodiment, as schematically
shown in FIGS. 2(A) and 1(B), the present invention provides
a process for producing a nano graphene-reinforced nano-
composite solid particle composition containing both NGPs
and an electrode active material dispersed in a protective
matrix. The electrode active material is in the form of dis-
persed fine particles (particulates of various shapes, fila-
ments, rods, tubes, and wires, etc.) with a dimension (e.g.,
diameter) smaller than 1 um (preferably smaller than 750 nm,
further preferably smaller than 500 nm). This nanocomposite
solid particle composition is preferably in a form of fine
particle (preferably <10 um, more preferably <5 um, and
most preferably <2 pm) and is most preferably of a spherical
or ellipsoidal shape. Such a shape is conducive to the forma-
tion of an electrode with a high tap density. A higher tap
density means a better packing of electro-active material par-
ticles that results in a greater amount of active material per
unit volume under an identical coating and laminating con-
dition for electrode fabrication.

In one preferred embodiment, the process for producing
solid nanocomposite particles for lithium metal or lithium ion
battery electrode applications comprise: (A) Preparing an
electrode active material in a form of fine particles, rods,
wires, fibers, or tubes with a dimension smaller than 1 pm; (B)
Preparing separated or isolated nano graphene platelets with
athickness less than 50 nm; (C) Dispersing the nano graphene
platelets and the electrode active material in a precursor fluid
medium to form a suspension wherein the fluid medium con-
tains a precursor matrix material dispersed or dissolved
therein; and (D) Converting the suspension to the solid nano-
composite particles, wherein the precursor matrix material is
converted into a protective matrix material reinforced by the
nano graphene platelets and the electrode active material is
substantially dispersed in the protective matrix material.

Specifically, the nanocomposite solid particles may be
made by (a) preparing-NGPs from a laminar graphite mate-
rial (such as natural graphite, artificial graphite, MCMB,
graphite fiber, and carbon fiber); (b) preparing a precursor
(e.g., resin or petroleum pitch) to a protective matrix material,
(c) mixing the NGPs and an electro-active material (e.g., Si
nano particles, nano-wires, nano-rods, etc) with the precursor
(possibly or optionally in a solvent or liquid medium) to form
a suspension, (d) transforming the suspension into droplets
(e.g., forming micron-sized solid particles using, for instance,
an atomization or aerosol formation technique) and removing
the solvent; and (e) converting the precursor into the desired
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protective matrix material (e.g., converting a resin into poly-
meric carbon via heat treatments). Alternatively, NGPs and
electro-active material particles may be mixed with or coated
by a monomer (e.g., a triazine-based compound as suggested
by Kim, et al [Ref. 13]), a polymer (e.g., sulfonated polya-
niline), a ceramic material (e.g., ametal oxide) to form spheri-
cal solid particles that require no further chemical conversion.
In some cases, additional protective material may be coated
onto solid particles, e.g. further coated with an amorphous
carbon matrix via chemical vapor deposition.

The matrix material may be selected from a polymer, poly-
meric carbon, amorphous carbon, meso-phase carbon, coke,
petroleum pitch, coal tar pitch, meso-phase pitch, metal
oxide, metal hydride, metal nitride, metal carbide, metal sul-
fide, ceramic, inorganic, organic material, or a combination
thereof. Preferably, the protective matrix material comprises
a carbon material obtained by pyrolyzing or heat-treating a
polymer, monomer, organic material, coal tar pitch, petro-
leum pitch, meso-phase pitch, sugar, glucose, or a combina-
tion thereof. The carbon material is lithium ion-conducting.
The amount of this carbon material is preferably reduced by
adding a controlled amount of NGPs dispersed therein. The
NGPs serve to reduce the sites in amorphous carbon that
otherwise could irreversibly trap lithium ions or atoms and
significantly enhance the structural integrity of the carbon
matrix.

Typically, the obtained nanocomposite solid particles are
substantially spherical or ellipsoidal in shape and are of
approximately 1-20 pum in size (preferably and usually
smaller than 5 pm in diameter or long axis). For the prepara-
tion of an electrode (e.g., anode), these nanocomposite solid
particles are then bonded together with a binder material (e.g.,
styrene-butadiene rubber, SBR, poly(tetrafluoroethylene),
PTFE, or poly(vinylidene fluoride), PVDF), a procedure
similar to the standard procedure in the current practice of
making lithium ion batteries. These nanocomposite particles
are superior to meso-carbon micro-beads (MCMBs), conven-
tional fine graphite particles, and conventional graphite
spherules when used as an anode active material for a lithium
ion battery. The presently invented solid nanocomposite par-
ticles can be readily mass-produced and are of low cost. Solid
particles can be readily made to be smaller than 5 um if the
length/width of NGPs chosen are smaller than 2 or 3 pm in
size and the electro-active material particles (in a particulate,
wire, rod, tube, or filament form) have a diameter <1 pm.
When used as an anode active material, they exhibit a high
reversible capacity, a low irreversible capacity, good compat-
ibility with commonly used electrolytes (no graphite layer
exfoliation phenomenon and no active material-electrolyte
reaction), and a long charge-discharge cycle life.

This is in contrast to the situation as proposed by Chan, et
al [Ref. 28], wherein multiple Si nanowires were catalytically
grown from a current collector surface in a substantially per-
pendicular direction, as schematically shown in FIG. 3(A).
The electrons produced by the Si nanowires (diameter=89
nm) must travel through the complete nanowire length, a
semiconductor with poor conductivity, to reach the current
collector. In the nanowire technology of Chan, et al. [28],
each Si nanowire is only connected to a current collector
through a very narrow contact area (diameter=89 nm) and,
hence, the nanowire would tend to detach from the steel
current collector after a few volume expansion-contraction
cycles. Furthermore, if fragmentation of a nanowire occurs
(Siis very brittle), only the segment in direct contact with the
steel plate could remain in electronic connection with the
current collector and all other segments will become ineffec-
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tive since the electrons generated will not be utilized, as
schematically shown in FIG. 3(B).

In the instant invention, the electro-active nanowires or
filaments are protected by a conductive matrix (e.g., carbon),
which is preferably further reinforced by NGPs. Even if an
electro-active nanowire is fractured into separate segments,
individual segments would still remain in physical contact
with the conductive matrix or graphene. The electrons gen-
erated can still be collected. It is also important to point out
that the anode structure of Chan, et al [28] is not compatible
with the existing practice of making lithium ion battery that
involves coating and laminating anode, separator, and cath-
ode layers through several stages of rolling operations. The
vertically grown Si nano-wires would not survive such a
procedure. In contrast, our anode material requires no varia-
tion in the existing procedures and requires no additional
capital equipment.

The NGPs preferably have a thickness less than 100 nm,
and a length, width, or diameter less than 10 pm. The thick-
ness is more preferably less than 10 nm and most preferably
less than 1 nm. The length, width, or diameter of NGPs is
preferably less than 5 um (more preferably smaller than 2 um)
so that the composite solid particles are typically no greater
than 10 um in diameter (preferably smaller than 5 pm). This
will allow for facile migration of lithium ions, enabling a
high-rate capacity.

The nano graphene platelets may be obtained from inter-
calation and exfoliation of a layered or laminar graphite to
produce graphite worms composed of exfoliated flakes that
are loosely interconnected. The exfoliation is followed by
separation of these flakes or platelets. The laminar graphite
may be selected from a natural graphite, synthetic graphite,
highly oriented pyrolytic graphite, graphite fiber, carbon
fiber, carbon nano-fiber, graphitic nano-fiber, spherical
graphite or graphite globule, meso-phase micro-bead, meso-
phase pitch, graphitic coke, or graphitized polymeric carbon.
Natural graphite is particularly desirable due to its abundant
availability and low cost. It is desirable that the nano graphene
platelets are prepared prior to being incorporated into the
protective matrix. We have surprisingly found that graphite
crystallites grown in situ from a carbon matrix (after the
anode active particle addition step) during a graphitization
treatment were not as effective in enhancing the mechanical
properties of the carbon matrix as those externally and sepa-
rately formed NGPs. Furthermore, once the anode active
particles (e.g., Si) are incorporated in a carbon matrix, a high
temperature treatment (e.g., graphitization for the formation
of internal graphene sheets or graphite crystallites) could
induce undesirable reactions (e.g. forming SiC, thus reducing
the Si amount).

The electrode active material preferably comprises fine
particles, rods, wires, fibers, or tubes with a dimension
smaller than 0.5 pm, more preferably smaller than 200 nm.
Most preferably, the electrode active material comprises nano
particles, nano rods, nano wires, nano fibers, or nano tubes
with a dimension smaller than 100 nm.

There is no restriction on the type and nature of the anode
active material that can be used to practice the present inven-
tion. Hence, the anode active material may be selected from
the group consisting of:

a) silicon (Si), germanium (Ge), tin (Sn), lead (Pb), anti-
mony (Sb), bismuth (Bi), zinc (Zn), aluminum (Al), and
cadmium (Cd);

b) alloys or intermetallic compounds of Si, Ge, Sn, Pb, Sb,
Bi, Zn, Al, or Cd with other elements, wherein the alloys
or compounds are stoichiometric or non-stoichiometric;
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c) oxides, carbides, nitrides, sulfides, phosphides,
selenides, and tellurides of Si, Ge, Sn, Pb, Sb, Bi, Zn, Al,
Fe, or Cd, and their mixtures or composites; and

d) combinations thereof.

There is also no particular restriction on the type and nature
of'the cathode active material, which can be selected from, for
instance, the group consisting of lithium cobalt oxide, doped
lithium cobalt oxide, lithium nickel oxide, doped lithium
nickel oxide, lithium manganese oxide, doped lithium man-
ganese oxide, lithium iron phosphate, lithium manganese
phosphate, lithium vanadium oxide, doped lithium vanadium
oxide, lithium vanadium phosphate, lithium transition metal
phosphate, lithium mixed-metal phosphates, metal sulfides,
metal phosphides, metal halogenides, and combinations
thereof.

Although it is desirable to have a high proportion of elec-
tro-active material in the solid nanocomposite structure in
order to achieve a high lithium storage capacity, this is limited
by a minimum amount of the graphene-reinforced matrix that
is needed to cushion the volume expansion-induced stresses
and strains (and, hence, strain energy). We have found that, in
order to obtain a balance of high specific reversible capacity,
low irreversibility, and long cycle life, the following compo-
nent proportions are most preferred: nano graphene platelets
occupy a weight fraction w, of 2% to 50% of the total nano-
composite weight, the electrode active material occupies a
weight fraction w, of 10% to 80% of the total nanocomposite
weight, and the protective matrix material occupies a weight
fraction w,,, of 4% to 30% of the total nanocomposite weight
with w 4w +w,=1.

The present invention also provides a lithium secondary
battery comprising an anode, a cathode, a separator disposed
between the anode and the cathode, and an electrolyte in
contact with the anode and the cathode, wherein the anode
and/or cathode comprises the aforementioned composite
solid particles as an anode or cathode active material. When
the anode contains Si as an anode active material, according
to a preferred embodiment of the present invention, one can
achieve a reversible specific capacity of greater than 1,000
mAh/g for longer than 500 cycles and, in many cases, even
greater than 2,000 mAh/g, calculated on the basis of the total
nanocomposite weight.

In one preferred embodiment of the present invention, the
process comprises (A) Preparing an electrode active material
in a form of nano-rods, nano-wires, nano-fibers, or nano-
tubes with a dimension smaller than 0.5 pm; (B) On a separate
basis, producing a nano filler material, such as nano graphene
platelets (NGPs), and (C) Dispersing the electrode active
material and the NGPs in a protective matrix material. Pref-
erably, the electrode active material occupies a weight frac-
tion w,, of 10% to 95% of the total nanocomposite weight, and
the solid nanocomposite particle is substantially spherical or
ellipsoidal in shape. Preferably, the protective matrix material
comprises a nano reinforcement selected from a nano
graphene platelet, carbon nano-tube, carbon nano-fiber, or a
combination thereof. The protective matrix material prefer-
ably comprises polymeric carbon, amorphous carbon, or
mesophase carbon.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 Schematic of a prior art anode active material (e.g.,
Si particles) that tends to undergo pulverization during bat-
tery cycling.

FIG. 2 Two preferred structures of the presently invented
solid nanocomposite particles: (A) A spherical nanocompos-
ite particle comprising electro-active materials (e.g., Si nano
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particles) and NGPs dispersed in a protective matrix (e.g.,
amorphous carbon); (B) A spherical nanocomposite particle
comprising electro-active materials (e.g., Si nano-wires) and
NGPs dispersed in a protective matrix (e.g., amorphous car-
bon);

FIG. 3 A prior art anode active material in the form of Si
nano-wires that were catalytically grown on a surface of a
current collector [Ref. 28]: (A) Si nano-wires grown verti-
cally and perpendicularly with respect to a steel substrate; (B)
Such a configuration is prone to nano-wire detachment or
fragmentation.

FIG. 4 The lateral dimensions (average length and width)
of NGPs appear to dictate the diameters of the NGP-contain-
ing nanocomposite solid particles after atomization or spray-
drying.

FIG. 5 The half-cell cycling behaviors of Sample 1 (NGP-
reinforced carbon matrix-protected Si nano particles), Com-
parative Sample la (carbon-protected Si nano particles, no
NGPs), and Comparative Sample 1b (carbon-protected, with
conventional graphite particle; no NGP).

FIG. 6 Long cycle life of Sample 1.

FIG. 7 Cycling behaviors of Sn particles dispersed in NGP-
reinforced and un-reinforced Li,O matrix.

FIG. 8 Cycling behaviors of Sample 6A (45% Si nanow-
ires, 22% NGPs, and 33% carbon matrix, Comparative
Sample 6B (approximately 46% Si nanowires, 21% carbon
nano-tubes, and 33% carbon matrix) and Comparative
Sample 6C (45% Si nanowires and 55% carbon matrix).

FIG. 9 Cycling responses of two lithium ion phosphate-
based nanocomposite electrodes.

FIG. 10 Cycling responses of cathode strictures: (1) 88%
by weight #-LiV,05 nano-rods, 5% by weight NGPs, and
7% by weight carbon; (2) 88% by weight # -LiV,0O; nano-
rods and 12% carbon matrix; and (3) bare #-LiV,05 nano-
rods only (prepared by mixing the nano-rods with carbon
black (10%) as a conductive additive, bonded with 8%
PVDF).

FIG. 11 Cycling responses of three composite materials:
(1) Approximately 20% Si (60 nm diameter)+40% graphite+
40% carbon; (2) Approximately 20% Si (60 nm diameter)+
40% NGPs+40% carbon; and (3) Approximately 20% Si (560
nm diameter)+40% NGPs+40% carbon.

FIG. 12 Fracture toughness (critical stress intensity factor)
values of three series of carbon matrix composites: (1) carbon
matrix reinforced with NGPs; (2) carbon matrix reinforced
with graphite particles; and (3) carbon matrix reinforced with
graphite crystallites in-situ grown from a carbon matrix at
high temperatures for extended periods of time.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

This invention is related to electrode materials for a high-
capacity lithium secondary battery, which is preferably a
secondary battery based on a non-aqueous electrolyte or a
polymer gel electrolyte. The shape of a lithium secondary
battery can be cylindrical, square, button-like, etc. The
present invention is not limited to any battery shape or con-
figuration.

The present invention provides a process of producing a
solid nanocomposite particle composition for lithium metal
or lithium ion battery electrode applications. In one preferred
embodiment, the composition comprises (A) an electrode
active material in a form of fine particles, rods, wires, fibers,
or tubes with a dimension smaller than 1 um (e.g., diameter
<1 um); (B) nano graphene platelets (NGPs); and (C) a pro-
tective matrix material reinforced by the NGPs, wherein the
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NGPs and the electrode active material are prepared sepa-
rately and are dispersed in the protective matrix material. In
this solid nanocomposite composition, the NGPs occupy a
weight fraction w, of 1% to 90% of the total nanocomposite
weight, the electrode active material occupies a weight frac-
tion w, of 1% to 90% of the total nanocomposite weight, and
the matrix material occupies a weight fraction w,, of at least
2% of the total nanocomposite weight with w+w +w,=1.
Preferably, the solid nanocomposite particle has a substan-
tially spherical or ellipsoidal shape with a dimension less than
20 um, preferably less than 10 pm, more preferably less than
5 um, and most preferably less than 2 um.

The protective matrix material may be selected from a
polymer, a monomer, polymeric carbon, amorphous carbon,
meso-phase carbon, coke, petroleum pitch, coal tar pitch,
meso-phase pitch, metal oxide, metal hydride, metal nitride,
metal carbide, metal sulfide, ceramic, inorganic, organic
material, or a combination thereof. This protective matrix
material may begin with a precursor material, which is then
physically or chemically converted to the matrix material.
Preferably, the matrix material comprises a carbon material
obtained by pyrolyzing or heat-treating a polymer, organic
material, coal tar pitch, petroleum pitch, meso-phase pitch,
sugar, glucose, or a combination thereof. The carbon material
may also be obtained from chemical vapor deposition (CVD)
or chemical vapor infiltration.

The nano graphene platelets (NGPs) preferably have a
thickness less than 10 nm and more preferably less than 1 nm.
The NGPs may be obtained from exfoliation and platelet
separation of a natural graphite, synthetic graphite, highly
oriented pyrolytic graphite, graphite fiber, carbon fiber, car-
bon nano-fiber, graphitic nano-fiber, spherical graphite or
graphite globule, meso-phase micro-bead, meso-phase pitch,
graphitic coke, or graphitized polymeric carbon according to
any of the procedures as disclosed in [Ref. 32-40].

In the solid nanocomposite particle composition, the elec-
trode active material comprises fine particles, rods, wires,
fibers, or tubes with a dimension (e.g. diameter) smaller than
1 um, preferably smaller than 0.5 um, further preferably
smaller than 200 nm, and most preferably smaller than 100
nm. For use in an anode, the electrode active material most
preferably comprises nano particles, nano rods, nano wires,
nano fibers, or nano tubes of silicon, germanium, or tin with
a diameter smaller than 100 nm. With some protective matrix
materials (e.g., carbon reinforced with NGPs), sub-micron
active particles with a diameter in the range of 100 nm and 1
um are as effective as those <100 nm in providing a high
specific capacity for a long cycle life. However, sub-micron
particles can be less expensive than nano particles (diameter
<100 nm).

The solid nanocomposite particle of the present invention
may be used in an anode or a cathode. For anode applications,
the electrode active material comprises an anode active mate-
rial selected from the group consisting of: (a) silicon (Si),
germanium (Ge), tin (Sn), lead (Pb), antimony (Sb), bismuth
(Bi), zinc (Zn), aluminum (Al), and cadmium (Cd); (b) alloys
or intermetallic compounds of Si, Ge, Sn, Pb, Sb, Bi, Zn, Al,
or Cd with other elements, wherein the alloys or compounds
are stoichiometric or non-stoichiometric; (c¢) oxides, car-
bides, nitrides, sulfides, phosphides, selenides, and tellurides
of Si, Ge, Sn, Pb, Sb, Bi, Zn, Al, Fe, or Cd, and their mixtures
or composites; and (d) combinations thereof. There is essen-
tially no constraint on the type and nature of the anode active
material that can be used in practicing the present invention.

A useful class of electro-active materials is in the form of
nanoscopic wire, also herein referred to as the nanoscopic-
scale wire, nanoscale wire, or nanowire. At any point along its
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length, a nanowire has at least one cross-sectional dimension
and, in some embodiments, two orthogonal cross-sectional
dimensions less than about 500 nm, preferably less than about
200 nm, more preferably less than about 100 nm, and most
preferably less than about 50 nm. Where nanoscale wires are
described as having a core and an outer region, the above
dimensions generally relate to those of the core. The cross-
section of the nanoscale wire may have any arbitrary shape,
including, but not limited to, circular, square, rectangular,
tubular, or elliptical, and may have an irregular shape. For
example, ZnO nanowires have a hexagonal cross-section,
SnO, nanowires have a rectangular cross-section, PbSe
nanowires have a square cross-section, and Si or Ge nanow-
ires have a circular cross-section. Again, the term “diameter”
is intended to refer to the average of the major and minor axis
of the cross-section. The nanoscale wire may be solid or
hollow. The length of the nanoscale wire is preferably at least
1 um and more preferably at least 5 um. The wires should have
an aspect ratio (length to diameter) of at least about 2:1 and
preferably greater than about 10:1.

As used herein, a nanotube (e.g. a carbon nanotube) is
generally a nanoscopic wire that is hollow, or that has a
hollowed-out core, including those nanotubes known to those
of ordinary skill in the art. “Nanotube” is abbreviated herein
as “NT.” Nanotubes and nano rods may be considered as two
special classes of small wires for use in the invention.

Catalytic growth is a powerful tool to form a variety of
wire- or whisker-like structures with diameters ranging from
just a few nanometers to the micrometer range. A range of
phases (gas, solid, liquid, solution, and supercritical fluid)
have been used for the feeder phase, i.e. the source of material
to be incorporated into the nano-wire. The art of catalytic
synthesis of semiconductor or insulator-type nano wires from
a wide range of material systems have been reviewed by
Kolasinski [Ref. 29] and by Wang, et al. [Ref. 30]. These
material systems include Si nanowires (SINW), heterojunc-
tions between SINW and CNT, SiO, (a sub-stoichiometric
silicon oxide), SiO,, Si;_ Ge,, Ge, AIN, y-Al,O;, oxide-
coated B, CN,, CdO, CdS, CdSe, CdTe, a-Fe,O,
(hematite), e-Fe,O; and Fe,O, (magnetite), GaAs, GaN,
Ga,0;, GaP, InAs, InN (hexangular structures), InP, In,O;,
In,Se;, LiF, SnO,, ZnO, ZnS, ZnSe, Mn doped Zn,SO,,, and
ZnTe. These nanowires can be used as anode active materials.

Likewise, there is essentially no constraint on the type and
nature of the cathode active material provided the active
material can be made into a fine particle form (e.g., a spherical
particle, nano-wire, nano-fiber, nano-rod, or nano-tube) with
a dimension smaller than 1 um. For cathode applications, the
electrode active material may comprise a cathode active
material selected from the group consisting of lithium cobalt
oxide, doped lithium cobalt oxide, lithium nickel oxide,
doped lithium nickel oxide, lithium manganese oxide, doped
lithium manganese oxide, lithium iron phosphate, lithium
manganese phosphate, lithium vanadium oxide, doped
lithium vanadium oxide, lithium vanadium phosphate,
lithium transition metal phosphate, lithium mixed-metal
phosphates, metal sulfides, metal phosphides, metal halo-
genides, and combinations thereof.

In order to strike a balance between the proportion of
electrode active material (that dictates the lithium storage
capacity) and the proportion of NGPs (that provide protection
against volume change-induced stresses and strains in a
matrix, e.g., carbon matrix), we have conducted an extensive
study that covers a wide range of compositions. We have
found that the most preferred solid nanocomposite particle
composition is such that NGPs occupy a weight fraction w, of
2% to 50% of the total nanocomposite weight, the electrode
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active material occupies a weight fraction w,, of 10% to 80%
of the total nanocomposite weight, and the matrix material
occupies a weight fraction w,, of 4% to 30% of the total
nanocomposite weight with w+w,,+w,,=1.

Thus, in one preferred embodiment, the process for pro-
ducing solid nanocomposite particles comprise: (A) Prepar-
ing an electrode active material in a form of fine particles,
rods, wires, fibers, or tubes with a dimension smaller than 1
um; (B) Preparing separated or isolated nano graphene plate-
lets with a thickness less than 50 nm; (C) Dispersing the nano
graphene platelets and the electrode active material in a pre-
cursor fluid medium to form a suspension wherein the fluid
medium contains a precursor matrix material dispersed or
dissolved therein; and (D) Converting the suspension to the
solid nanocomposite particles, wherein the precursor matrix
material is converted into a protective matrix material rein-
forced by the nano graphene platelets and the electrode active
material is substantially dispersed in the protective matrix
material. It may be noted that NGPs used herein are pre-
fabricated prior to being mixed with the electro-active mate-
rial or the matrix material. These NGPs are not formed during
step (C) or step (D).

As an example, such a solid nanocomposite particle may be
prepared in the following way: Graphene platelets, Si nano
particles (a preferred anode active material), and a precursor
matrix material (e.g., a monomer, oligomer, prepolymer,
resin, polymer, coal tar pitch, petroleum pitch, meso-phase
pitch, etc) may be blended together and suspended in a liquid
to form a precursor suspension or dispersion. The liquid may
be the monomer itself, a solvent for the resin or polymer, or a
suspending medium, such as water, with a primary purpose of
preparing a dispersion. The suspension may then be aero-
solized or atomized to form fine aerosol particles. Concur-
rently or subsequently, the liquid is removed to form solid
particles that are typically spherical in shape (with a diameter
typically less than 10 um) or ellipsoidal in shape (with a major
axis less than 10 um). This procedure may be accomplished
by using an aerosol generation, atomization, spray drying, or
inkjet printing technique.

It is important to point out that atomization of a mixture of
nano or sub-micron-scaled particles, nano graphene platelets,
pitch or resin, and a solvent is by no means a trivial task. It is
most surprising for us to discover that a mixture or suspension
containing more than 10% by weight of NGPs (plus an anode
active material, such as Si particles) can still be handled
properly with a pump that delivers the suspension to an atom-
izer head. A suspension containing 5% by weight of carbon
nanotubes would have a viscosity too high to be processable.
We have been able to atomize a mixture containing 75% by
weight NGPs, which is a most impressive result.

As an optional but preferred procedure, the solid particles
generated by the atomization or aerosol formation procedure
are simultaneously or subsequently subjected to a pyrolyza-
tion (pyrolysis) or carbonization treatment to convert the
organic or polymeric material into a carbon material. Essen-
tially, one can use a spray pyrolysis technique, such as ultra-
sonic spray pyrolysis or electro-spray pyrolysis, to accom-
plish both the aerosol generation and pyrolysis procedures.

Step (D) of converting the suspension comprises a step
selected from (a) solidifying a precursor polymer or resin
liquid into a solid polymer or resin (e.g., when step (C)
involves mixing NGPs and Si particles in a polymer melt); (b)
removing a liquid or solvent from the suspension (e.g., in a
case where a solvent is used for dissolving petroleum or coal
tar pitch); (c) polymerizing a precursor monomer material;
(d) curing a precursor resin to form a solid resin (e.g., curing
phenlic resin prior to carbonizing the cured resin); (e) induc-
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ing a chemical reaction to form a protective matrix material
(e.g., SnO and Li;N react to form Li,0 and Sn wherein Li,O
is the protective material for Sn particles); (f) heat-treating an
organic material to form a carbon matrix material; or a com-
bination thereof. The protective matrix materials may be a
monomer (e.g., a triazine-based compound as suggested by
Kim, et al [Ref. 13]), a polymer (e.g., sulfonated polyaniline
and polyacrylonitile-co-[methylarylate hexylsulfonic acid]
that are ion-conducting), or a ceramic material (e.g., a lithium
ion-conducting metal oxide such as [i,0).

Hence, the present invention provides a process of making
graphene platelet reinforced matrix nanocomposite compo-
sition containing an electro-active material dispersed therein
in a fine particle form. The active material can contain fine
spherical particles, particles of any regular or irregular shape,
nano-wires, nano-rods, nano-fibers, or nano-tubes. Prefer-
ably, the nanocomposite solid particles are substantially
spherical or ellipsoidal in shape to promote better packing
during the electrode fabrication procedure (i.e., to increase
the tap density). Further preferably, the solid particles com-
prise therein NGP with a thickness of 0.34 nm-10 nm to
enhance the structural integrity of the resulting anode. The
length, width, or diameter of NGPs is preferably less than 5
um (preferably <1 pum) so that the nanocomposite solid par-
ticles are typically no greater than 10 um in diameter (pref-
erably smaller than 2-5 um). This will allow for facile migra-
tion of lithium ions.

The solid nanocomposite particles are now new electro-
active materials. The preparation procedures of a positive
electrode (cathode) or negative electrode (anode) from active
materials are well-known in the art. For instance, the positive
electrode can be manufactured by the steps of (a) mixing a
positive electrode active material (e.g., the solid nanocom-
posite particles prepared according to a preferred embodi-
ment of the present invention) with a conductor agent (con-
ductivity-promoting ingredient) and a binder, (b) dispersing
the resultant mixture in a suitable solvent, (¢) coating the
resulting suspension on a current collector, and (d) removing
the solvent from the suspension to form a thin plate-like
electrode.

The original positive electrode active material, for the
preparation of solid nanocomposite particles, may be selected
from a wide variety of lithium-containing oxides, such as
lithium manganese oxide, lithium-containing nickel oxide,
lithium-containing cobalt oxide, lithium-containing nickel
cobalt oxide, lithium-containing iron oxide, lithium-contain-
ing vanadium oxide, lithium iron phosphate, etc. The positive
electrode active material may also be selected from chalcogen
compounds, such as titanium disulfate or molybdenum dis-
ulfate. More preferred are lithium cobalt oxide (e.g., Li,CoO,
where 0.8<x=<1), lithium nickel oxide (e.g., LiNiO,) and
lithium manganese oxide (e.g., LiMn,O, and LiMnO,)
because these oxides provide a high cell voltage. Lithium iron
phosphate is also preferred due to its safety feature and low
cost. All these cathode active substances can be prepared in
the form of a fine powder, nano-wire, nano-rod, nano-fiber, or
nano-tube. They can be readily mixed with NGPs and dis-
persed in a protective matrix (e.g., carbon) to form a solid
nanocomposite particle.

Acetylene black, carbon black, or ultra-fine graphite par-
ticles may be used as a conductor agent. The binder may be
chosen from polytetrafluoroethylene (PTFE), polyvinylidene
fluoride (PVDF), ethylene-propylene-diene copolymer
(EPDM), or styrene-butadiene rubber (SBR), for example.
Conductive materials such as electronically conductive poly-
mers, meso-phase pitch, coal tar pitch, and petroleum pitch
may also be used. Preferable mixing ratio of these ingredients
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may be 80 to 95% by weight for the solid nanocomposite
particles, 3 to 10% by weight for the conductor agent, and 2 to
10% by weight for the binder. The current collector may be
selected from aluminum foil, stainless steel foil, and nickel
foil. There is no particularly significant restriction on the type
of current collector, provided the material is a good electrical
conductor and relatively corrosion resistant. The separator
may be selected from a synthetic resin nonwoven fabric,
porous polyethylene film, porous polypropylene film, or
porous PTFE film.

Carbon materials can assume an essentially amorphous
structure (glassy carbon), a highly organized crystal (graphite
crystal or crystallite), or a whole range of intermediate struc-
tures that are characterized by having various proportions and
sizes of graphite crystallites and defects dispersed in an amor-
phous carbon matrix. Typically, a graphite crystallite is com-
posed of a number of graphene sheets or basal planes (also
referred to as a-b planes) that are bonded together through van
der Waals forces in the c-axis direction, the direction perpen-
dicular to the basal plane. These graphite crystallites are
typically micron- or nanometer-sized in the a- or b-direction
(these are called La dimension). The c-directional dimension
(or thickness) is commonly referred to as Lc. The interplanar
spacing of a perfect graphite is known to be approximately
0.335 nm (3.35 A). The graphite crystallites are dispersed in
or connected by crystal defects or an amorphous phase in a
graphite particle, which can be a flake graphite, carbon/
graphite fiber segment, carbon/graphite whisker, or carbon/
graphite nano-fiber. In the case of a carbon or graphite fiber
segment, the graphene plates may be a part of a characteristic
“turbostratic” structure.

According to a preferred embodiment of the present inven-
tion, an anode comprises nanocomposite solid particles,
wherein a solid particle is composed of nano graphene plate-
lets (NGPs) and an anode active material (e.g., nano particles
of'Si, Ge, or Sn) dispersed in a protective matrix material. The
NGPs are pre-fabricated using an inexpensive process [e.g.,
as explained in Refs. 32-40] from an inexpensive starting
material, such as natural graphite. For instance, NGPs can be
prepared by the following steps: (a) immersing natural graph-
ite particles in a mixture of sulfuric acid, sodium nitrate, and
potassium permanganate at 30° C. to obtain a graphite inter-
calation compound (GIC); (b) exposing the GIC to a high
temperature (e.g. 600-1,100° C.) for a period 0f 30 seconds to
2 minutes to produce exfoliated graphite; and (c) optionally
subjecting the exfoliated graphite to a graphene sheet sepa-
ration treatment, such as air jet milling, ball milling, rotating-
blade shearing, or ultrasonication. In many cases (with
adequate intercalation time and sufficient exfoliation tem-
perature), the exfoliated graphite already comprises many
fully separated nano graphene platelets and, hence, step (c) is
not necessary. It may be noted that these NGPs could com-
prise a wide spectrum of graphite-based nano sheets or plate-
lets, including from relatively oxygen-free, pristine graphene
sheets to highly oxidized graphene sheets that are essentially
graphite oxide (GO) nano platelets, depending upon the
actual NGP process conditions used.

Selected amounts of NGPs and active material particles
(e.g., Sinano-wires or Sn nano particles) are then mixed with
a precursor matrix material selected from a monomer, pre-
polymer, polymer, aromatic organic (e.g., polycyclic aro-
matic molecules such as naphthalene, anthracene, and
phenanthrene), petroleum-based heavy oil or pitch, coal-
based heavy oil or pitch, meso-phase pitch (e.g., obtained by
heat-treating coal tar pitch at 400° C. for a desired period of
time), or a combination thereof. This precursor matrix can be
a liquid at room temperature, or heated to an elevated tem-



US 9,093,693 B2

19

perature (typically lower than 300° C.) to become a liquid.
Alternatively, a solvent may be used to dissolve this precursor
matrix material to form a solution. The liquid or solution state
facilitates its mixing with NGPs and anode active material to
form a suspension or dispersion.

The resulting suspension can be converted into micron-
scaled droplets (nanocomposite solid particles) using several
approaches. For instance, the suspension may be aerosolized
or atomized to form fine aerosol particles. Concurrently or
subsequently, the liquid or solvent is removed to form solid
particles that are typically spherical or ellipsoidal in shape
with a diameter or major axis less than 10 um and, in most
cases, less than 5 um ifthe NGP lateral dimensions are mostly
less than 2 um. This procedure may be executed by using an
aerosol generation, atomization, spray drying, or inkjet print-
ing apparatus, which apparatus are well-known in the art. As
an optional but preferred procedure, the solid particles are
simultaneously or subsequently subjected to a pyrolysis or
carbonization treatment to convert the organic or polymeric
material into a carbon material. The heat treatment of petro-
leum or coal-based heavy oil or pitch will serve to convert at
least part of the oil or pitch into a meso-phase, an optically
anisotropic or liquid crystalline phase of a fused aromatic ring
structure. The converted pitch is called a meso-phase pitch.
Since NGPs are essentially pure graphite-based or graphene
materials, this low temperature heat treatment (350-1,200°
C.) has no adverse effect on the NGP structure. Essentially,
one can use a spray pyrolysis technique, such as ultrasonic
spray pyrolysis or electro-spray pyrolysis, to accomplish both
the aerosol generation and pyrolysis procedures.

The NGP/active material-precursor suspension may also
be converted into nanocomposite solid particles using com-
bined extrusion, pelletization (granulation), and grinding (in-
cluding ball milling). Surprisingly, a large proportion of
NGPs and active material can be incorporated into a matrix to
form a nanocomposite mixture that is highly flowable (fluid-
like) even with an NGP loading as high as 75% by weight in
most of the aforementioned precursor matrix materials. This
is likely due to their two-dimensional, platelet shape,
enabling NGPs to readily slide over one another in a liquid
medium. Hence, an NGP-containing suspension can be
extruded into filaments, which are cut into small granules that
are millimeter in size. These granules are then further reduced
in size using grinding or ball milling. The resulting micron-
scale particles are not necessarily spherical in shape, but still
can be easily bonded by a binder material.

The binder material may also be selected from a polymer,
polymeric carbon, amorphous carbon, coal tar pitch or heavy
oil, petroleum pitch or heavy oil, meso-phase pitch, metal,
glass, ceramic, oxide, organic material, or a combination
thereof. In one preferred embodiment, the binder may be
chosen from polytetrafluoroethylene (PTFE), polyvinylidene
fluoride (PVDF), ethylene-propylene-diene copolymer
(EPDM), or styrene-butadiene rubber (SBR), for example, as
in the cases of conventional MCMB- or graphite-based
anodes. Preferably, the binder material may be a conducting
polymer, such as polyacetylene, polypyrrole, polyaniline,
polythiophene, and their derivatives.

It may be noted that this new class of nanocomposite solid
particles is fundamentally different from MCMBs although
the latter contain graphene crystallites as well (these
graphene crystallites were nucleated and grown in situ
directly from the meso-phase matrix during graphitization).
In contrast, our nano graphene sheets or platelets were made
separately and independently from the carbon formation pro-
cess and then added to the carbon matrix along with an elec-
tro-active material. MCMBs are typically produced by (a)

30

40

45

20

heating and carbonizing selected heavy oil or pitch to form
meso-phase micro-spheres dispersed in an isotropic matrix
pitch; (b) separating the meso-phase micro-spheres from the
isotropic pitch; and (¢) graphitizing the isolated meso-phase
micro-spheres (this latter step being tedious and energy-in-
tensive). The NGPs in the presently invented nanocomposite
solid particles are not obtained by graphitizing the precursor
matrix material, as opposed to the case of conventional
MCMB productions. The present solid nanocomposite par-
ticle composition contains a high-capacity electro-active
material and, hence, exhibits exceptionally high reversible
anode capacity, much higher than that of state-of-the-art
MCMBs. Furthermore, NGPs used in the present invention
can come from natural graphite that is already highly graphi-
tized. One only needs to disperse NGPs in a carbonaceous
matrix, along with an electro-active material. No graphitiza-
tion at a high temperature (>2,500° C.) is required. The pres-
ently invented nanocomposite solid particles and their anode
structures can be very inexpensive.

A wide range of electrolytes can be used for practicing the
instant invention. Most preferred are non-aqueous and poly-
mer gel electrolytes although other types can be used. The
non-aqueous electrolyte to be employed herein may be pro-
duced by dissolving an electrolytic salt in a non-aqueous
solvent. Any known non-aqueous solvent which has been
employed as a solvent for a lithium secondary battery can be
employed. A non-aqueous solvent mainly consisting of a
mixed solvent comprising ethylene carbonate (EC) and at
least one kind of non-aqueous solvent whose melting point is
lower than that of aforementioned ethylene carbonate and
whose donor number is 18 or less (hereinafter referred to as a
second solvent) may be preferably employed. This non-aque-
ous solvent is advantageous in that it is (a) stable against a
negative electrode containing a carbonaceous material well
developed in graphite structure; (b) effective in suppressing
the reductive or oxidative decomposition of electrolyte; and
(c) high in conductivity. A non-aqueous electrolyte solely
composed of ethylene carbonate (EC) is advantageous in that
it is relatively stable against decomposition through a reduc-
tion by a graphitized carbonaceous material. However, the
melting point of EC is relatively high, 39 to 40° C., and the
viscosity thereof is relatively high, so that the conductivity
thereof is low, thus making EC alone unsuited for use as a
secondary battery electrolyte to be operated at room tempera-
ture or lower. The second solvent to be used in a mixture with
EC functions to make the viscosity of the solvent mixture
lower than that of EC alone, thereby promoting the ion con-
ductivity of the mixed solvent. Furthermore, when the second
solvent having a donor number of 18 or less (the donor num-
ber of ethylene carbonate is 16.4) is employed, the aforemen-
tioned ethylene carbonate can be easily and selectively sol-
vated with lithium ion, so that the reduction reaction of the
second solvent with the carbonaceous material well devel-
oped in graphitization is assumed to be suppressed. Further,
when the donor number of the second solvent is controlled to
not more than 18, the oxidative decomposition potential to the
lithium electrode can be easily increased to 4 V or more, so
that it is possible to manufacture a lithium secondary battery
ot high voltage.

Preferable second solvents are dimethyl carbonate (DMC),
methylethyl carbonate (MEC), diethyl carbonate (DEC),
ethyl propionate, methyl propionate, propylene carbonate
(PC), .gamma.-butyrolactone (.gamma.-BL), acetonitrile
(AN), ethyl acetate (EA), propyl formate (PF), methyl for-
mate (MF), toluene, xylene and methyl acetate (MA). These
second solvents may be employed singly or in a combination
of'two or more. More desirably, this second solvent should be
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selected from those having a donor number of 16.5 or less.
The viscosity of this second solvent should preferably be 28
cps or less at 25° C.

The mixing ratio of the aforementioned ethylene carbonate
in the mixed solvent should preferably be 10 to 80% by
volume. If the mixing ratio of the ethylene carbonate falls
outside this range, the conductivity of the solvent may be
lowered or the solvent tends to be more easily decomposed,
thereby deteriorating the charge/discharge efficiency. More
preferable mixing ratio of the ethylene carbonate is 20 to 75%
by volume. When the mixing ratio of ethylene carbonate in a
non-aqueous solvent is increased to 20% by volume or more,
the solvating effect of ethylene carbonate to lithium ions will
be facilitated and the solvent decomposition-inhibiting effect
thereof can be improved.

Examples of preferred mixed solvent are a composition
comprising EC and MEC; comprising EC, PC and MEC;
comprising EC, MEC and DEC; comprising EC, MEC and
DMC; and comprising EC, MEC, PC and DEC; with the
volume ratio of MEC being controlled within the range of 30
to 80%. By selecting the volume ratio of MEC from the range
01’30 to 80%, more preferably 40 to 70%, the conductivity of
the solvent can be improved. With the purpose of suppressing
the decomposition reaction of the solvent, an electrolyte hav-
ing carbon dioxide dissolved therein may be employed,
thereby effectively improving both the capacity and cycle life
of the battery. The electrolytic salts to be incorporated into a
non-aqueous electrolyte may be selected from a lithium salt
such as lithium perchlorate (LiClO,), lithium hexafluoro-
phosphate (LiPFy), lithium borofluoride (LiBF,), lithium
hexafluoroarsenide (LiAsFy), lithium trifluoro-metasul-
fonate (LiCF;SO;) and bis-trifluoromethyl sulfonylimide
lithium [LiN(CF;S0,),]. Among them, LiPF, LiBF, and
LiN(CF;S0,), are preferred. The content of aforementioned
electrolytic salts in the non-aqueous solvent is preferably 0.5
to 2.0 mol/l.

The following examples serve to illustrate the best mode
practice of the present invention and should not be construed
as limiting the scope of the invention, which is defined in the
claims.

EXAMPLE 1

Preparation of NGPs of Various Sizes from Natural
Graphite and Production of Corresponding
NGP-Reinforced Solid Nanocomposite Particles

Natural flake graphite, nominally sized at 45 um, provided
by Asbury Carbons (405 Old Main St., Asbury, N.J. 08802,
USA) was milled to reduce the size to approximately 14 um.
The chemicals used in the present study, including fuming
nitric acid (>90%), sulfuric acid (95-98%), potassium chlor-
ate (98%), and hydrochloric acid (37%), were purchased
from Sigma-Aldrich and used as received. Graphite interca-
lation compounds (GICs), which were actually highly oxi-
dized graphite or graphite oxide (GO) samples, were prepared
according to the following procedure:

In a typical procedure, a reaction flask containing a mag-
netic stirring bar was charged with sulfuric acid (1.76 L) and
nitric acid (0.90 L) and cooled by immersion in an ice bath.
The acid mixture was stirred and allowed to cool for 20 min,
and graphite (100 g) was added under vigorous stirring to
avoid agglomeration. After the graphite powder was well
dispersed, potassium chlorate (800 g) was added slowly over
25 min to avoid sudden increases in temperature. The reaction
flask was loosely capped to allow evolution of gas from the
reaction mixture, which was stirred for 72 hours at room
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temperature. On completion of the reaction, the mixture was
poured into 40 L of deionized water and filtered. The GO was
re-dispersed and washed in a 5% solution of HC1 to remove
sulphate ions. The filtrate was tested intermittently with
barium chloride to determine if sulphate ions are present. The
HCl washing step was repeated until the test result was nega-
tive. The GO was then washed repeatedly with deionized
water until the pH of the filtrate was neutral. The GO slurry
was spray-dried and stored in a vacuum oven at 60° C. until
use.

Approximately 50 grams of the dried GICs or GO materi-
als were exposed to a thermal shock at 900° C. for 45 seconds
in a quartz tube filled with nitrogen gas to obtain an exfoliated
graphite sample. Several batches of this exfoliated graphite,
each of approximately 5 grams, were dispersed in water to
form suspensions, which were ultrasonicated at a power level
of 75 watts for several different periods of times: 2 minutes,
10 minutes, 30 minutes, 2 hours, and 24 hours. The resulting
NGPs were separately spray-dried with their average dimen-
sions measured by using a combination of scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), atomic force microscopy (AFM), and specific surface
area measurements using a BET apparatus.

This series of dried NGP powder samples were then sepa-
rately mixed with controlled amounts of petroleum pitch
(A240 from Ashland Oil), toluene (as a solvent or diluent for
pitch), and silicon particles (with an average diameter of 60
nm) to form a range of separate nanocomposite suspensions.
These suspensions were fed into a laboratory scale spray drier
equipped with an atomizer head. This procedure produced
relatively spherical solid nanocomposite particles that are
typically micron-scaled with a relatively narrow particle size
distribution. Each solid particle was composed of three com-
ponents: Si nano particles, NGPs, and pitch wherein both Si
particles and NGPs were well-dispersed in the pitch matrix.
Each of the pitch matrix nanocomposites was heat-treated at
750° C. for two hours to obtain a carbon matrix nanocompos-
ite. In such a multi-phase structure, the otherwise relatively
weak pitch carbon matrix was reinforced by high-strength
NGPs and Si serves as an anode active material providing a
high specific capacity. NGPs by themselves are also a good
anode active material imparting additional charge storage
capacity. The carbon matrix provides protection against the
potential chemical reaction between Si nano particles and the
electrolyte and the interaction between NGPs and the elec-
trolyte. Furthermore, NGPs serve to reduce the proportion of
carbon matrix that otherwise would tend to trap a significant
amount of lithium, possibly resulting in a high level of irre-
versibility.

The average solid nanocomposite particle size from each
suspension was measured and the data was plotted as a func-
tion of the corresponding NGP lateral dimension (length or
width) in FIG. 4. All samples indicated in FIG. 4 have an NGP
proportion of 30% by weight, Si nano particle proportion of
30% and carbon matrix of 40%. This diagram indicates that
the nanocomposite solid particle diameter scales with the
constituent NGP length/width since Si particles are so small
(60 nm) and that we could readily produce nanocomposite
solid particles smaller than 5 um in diameter. Much to our
surprise, particles less than 1 um in diameter were also readily
achievable. This is in sharp contrast to the commercially
available MCMBs that have been limited to particle sizes
greater than 5 pm in diameter. Smaller anode active material
particles are particularly amenable to fast battery charge and
discharge operations, leading to high-rate capacity batteries.
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EXAMPLE 2

Cycling Behaviors of NGP-Containing
Nanocomposite, NGP-Free Nanocomposite, and
Graphite-Filled Nanocomposite Solid Particle-Based
Anodes (all Containing Si Nano Particles)

In Example 1, a series of samples containing different
weight fractions of Si nano particles (2% to 90%) and differ-
ent weight fractions of NGPs (2% to 90%) in a carbon matrix
(5% to 60%) were prepared.

One of the samples prepared contains approximately 15%
NGPs, 60% Si nano particles, and 25% carbon matrix and is
herein designated as Sample 1. For comparison purpose, a
Comparative Sample 1a was prepared by dispersing Si nano
particles (approximately 70%) in a pitch matrix, as in Sample
1 but without the presence of the NGP. A Comparative
Sample 1b was prepared by replacing NGPs with fine natural
graphite particles (average diameter=3.5 um) obtained by
air-jet milling of natural flake graphite. FIG. 5 shows the
half-cell cycling behaviors of Sample 1, Comparative Sample
la, and Comparative Sample 1b. It is clear that the sample
containing NGPs as a nano reinforcement is far superior to the
sample containing no NGPs and the sample containing con-
ventional graphite particles instead of NGPs. This is a highly
surprising results in view of the results of the prior art studies
on anode materials based on Si and graphite particles dis-
persed in a carbon matrix [Refs. 22-27]. The composite par-
ticles disclosed in the prior art led to a specific capacity lower
than 800 mAl/g (for up to 30-40 cycles only) [Ref. 22-24],
lower than 600 mAh/g (up to 40 cycles) [Ref. 25], or lower
than 460 mAl/g (up to 100 cycles) [Ref. 26]. These capacity
values and cycling stability are not nearly as good as what we
have achieved (e.g., FIG. 6). It appears that carbon by itself'is
relatively weak and brittle and the presence of micron-sized
graphite particles does not improve the mechanical integrity
of carbon since graphite particles are themselves relatively
weak. By contrast, the anode materials herein developed have
shown a reversible capacity of >2,000 mAh/g (per gram of
total composite weight counting Si, NGP, and C matrix
weights) for over 350 cycles. Clearly, NGPs are capable of
helping to maintain structural integrity of a protective matrix,
such as carbon, for an anode active material.

As indicated earlier, carbon-coated Si has been investi-
gated as a potential lithium ion battery material, for instance,
by T. Umeno, et al. [Ref. 14,15]. They have shown “the
excellent electrochemical performance of carbon-coated Si
as anode materials for lithium-ion batteries in terms of high
reversible capacity over 800 mAbh/g, high coulombic effi-
ciency, good cyclability, satisfactory compatibility with both
the EC and PC-based electrolytes, and better thermal stability
than that of graphite, etc.” They believed that “carbon-coating
in the outer layer played a very important role in the improve-
ment of the electrochemical behavior by not only suppressing
the decomposition of electrolytes on the surface of Si-based
electrodes, but also providing integral and continuous electric
contact networks around Si particles even they are a little
expanded after lithium insertion.” However, these researchers
have indicated that “If the lithiation capacity of carbon-coated
Si is controlled under 1,200 mAh/g(Si), satisfactory
cycleability can be obtained” [Ref. 14]. By contrast, we have
effectively increased the lithiation capacity to approximately
3,800 mAh/g (per gram of Si, corresponding to an alloy of
Li; ¢Si) and yet still maintained an outstanding cycling sta-
bility when the carbon matrix is reinforced with NGPs.
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EXAMPLE 3

NGP Reinforced Nanocomposite Solid Particles
(NGPs Prepared from Other Laminar Graphite
Materials)

NGPs of Samples 3A, 3B, 3C, and 3D were prepared
according to the same procedure used for Sample 1, but the
starting graphite materials were highly oriented pyrolytic
graphite (HOPG), graphite fiber (Amoco P-100), graphitic
carbon nano-fiber (from Applied Sciences, Inc., Cedarville,
Ohio), and spheroidal graphite (from Hua Dong Graphite Co.,
Pingdu, China), respectively. Their final interplanar spacings,
according to x-ray diffraction data, prior to exfoliation and
separation, were 6.6 A, 7.3 A, 7.3 A, and 6.6 A, respectively.
They were exposed to an exfoliation temperature of 950° C.
for 45 seconds, followed by a mechanical shearing treatment
using a Cowles rotating-blade apparatus for 30 minutes. The
resulting suspensions or slurries were then subjected to a
drying treatment to obtain NGPs.

The NGPs, along with various proportions of nano Si par-
ticles and SnO particles, were separately mixed with a phe-
nolic resin to form several mixtures. These mixtures were
independently extruded into small diameter filaments (1-2
mm diameter) using a simple plunger-type device, cured at
200° C. for 2 hours, carbonized at 700° C. for 1 hour, chopped
into small particles, and then ball-milled for 24 hours. The
resulting milled particles are generally irregular in shape with
a dimension typically smaller than 3 um. These solid nano-
composite particles are each composed of an electro-active
material (Si or SnO), NGPs, and a carbon matrix.

EXAMPLE 4

NGP Reinforced Metal Oxide Nanocomposite Solid
Particles

The electro-active particles in Example 4 include materials
derived from metal oxides of the type MO or MO,, where
M=8n, Pb, Ge, Si, or Cd. As an example, the active materials
may be prepared according to the following steps: (1) stanous
oxide (SnO) powder and lithium nitride (Li;N) powder were
mixed in a stoichiometric ratio of two moles of Li;N to three
moles of SnO; (2) the mixture of powders from step (1), along
with a selected amount of NGPs (from Sample 3D), were fed
into a planetary ball mill (Model PM-400 from Glen Mills,
Clifton, N.J.), and the milling was proceeded until the reac-
tion between SnO and Li;N reached a state characterized by
complete disappearance of the X-ray diffraction patterns for
crystalline SnO and Li;N, and the subsequent appearance of
the X-ray patterns for amorphous Li,O and crystalline Sn.
The ball milling process typically lasts for one to two days at
ambient temperature. The resulting product was a powder
mixture containing crystalline Sn particles dispersed in an
amorphous Li,O matrix, which was reinforced by NGPs. The
particles are composed of approximately 86% by weight of
the Li,O—Sn mixture and 14% by weight of NGPs. The solid
nanocomposite particles were then bonded with 7% resin
binder (Sample 4). A Comparative Sample 4a was prepared
from the Li,O—Sn mixture powder (without any NGP)
bonded with approximately 7% resin binder, along with 8%
carbon black powder as a conductive additive.

The specific capacity data for Sample 4 and Comparative
Sample 4a, summarized in FIG. 7, clearly show that the
NGP-reinforced matrix Li,O for Sn particles provides a bet-
ter cycling stability than the corresponding Li,O-protected
Sn material system. Although the initial reversible specific
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capacity, calculated based on the total nanocomposite weight,
was lower (since NGP weight was counted), the NGP-rein-
forced Li,0 matrix appears to provide a reliable protection
against volume change-induced stresses/strains in the Sn par-
ticles and cracking of the matrix. In the case of a protective
matrix without NGP reinforcement, the specific capacity rap-
idly degraded as charge-discharge cycles were repeated.

EXAMPLE 5

Nanocomposites Containing Si,Sn,M,C, Type Elec-
tro-active Materials

The electro-active particles in this example are Si Sn,-
M,C, type compositions with (q+x)>(2y+z), x>0, and M is
one or more metals selected from manganese, molybdenum,
niobium, tungsten, tantalum, iron, copper, titanium, vana-
dium, chromium, nickel, cobalt, zirconium, yttrium, or com-
binations thereof, wherein the Si, Sn, M, and C elements are
arranged in the form of a multi-phase microstructure com-
prising at least one amorphous or nanocrystalline phase. As
an example, Sample 5a was prepared by ball-milling silicon
chips, cobalt powder, and graphite powder with 28 tungsten
carbide balls (%1¢-inches each, approximately 108 grams) for
4 hours in a 45 milliliter tungsten carbide vessel using a
planetary ball mill (Model PM-400 from Glen Mills, Clifton,
N.J.) under an argon atmosphere. The vessel was then opened,
chunks of caked powder were broken up, and the milling was
continued for an additional hour in an argon atmosphere. The
temperature of the tungsten carbide vessel was maintained at
about30° C. by air cooling. The product was determined to be
approximately Si,;Co,;C,. The product in fine powder form
was then mixed with a selected proportion of NGPs, phenolic
resin, and acetone to make a suspension, which was then
subjected to spray pyrolysis to obtain nanocomposite par-
ticles. The particles, containing phenolic resin, was then
cured at 200° C. for one hour and carbonized at 600° C. for
two hours to obtain the desired solid nanocomposite particles
as an anode active material.

EXAMPLE 6
Si Nanowire-Based Nanocomposite Particles

In a typical procedure, approximately 2.112 g of silicon
powders (average diameter 2.64 um) were mixed with 80 ml
ofa 0.1M aqueous solution of Ni(NO,).6H,O and vigorously
stirred for 30 min. Then, water was evaporated in a rotary
evaporator and the solid remnants were completely dried in
an oven at 150° C. The final sample (Ni-impregnated Si
powers) was obtained by grinding the solids in a mortar.

Subsequently, 0.03 g of Ni-impregnated Si particles were
put in a quartz boat, and the boat was placed in a thermal
furnace. The sample was reduced at 500° C. for 4 hours under
flowing Ar (180 sccm) and H, (20 sccm), then the temperature
was raised to 990° C. to synthesize Si nanowires.

For the purpose of separating Si nanowires, for instance,
every 0.1 g of the reacted Si powders were mixed with 10 ml
of ethanol and the resulting mixture was sonicated for 1 hour.
Subsequently, Si nanowires were separated from the Si pow-
ders by centrifuge at 5000 rpm for 10 min.

Si nanowires were then mixed with controlled amounts of
petroleum pitch, toluene, and NGPs to form nanocomposite
suspensions. These suspensions were fed into a laboratory
scale spray drier equipped with an atomizer head. This pro-
cedure produced relatively spherical solid nanocomposite
particles that are typically micron-scaled with a relatively
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narrow particle size distribution. Each solid particle was com-
posed of three components: Si nanowires, NGPs, and pitch
wherein both Sinanowires and NGPs were well-dispersed in
the pitch matrix. The pitch matrix nanocomposites were heat-
treated at 750° C. for two hours to obtain a carbon matrix
nanocomposite with a final composition of approximately
45% Si nanowires, 22% NGPs, and 33% carbon matrix
(Sample 6A). A Comparative Sample 6B was prepared that
was composed of approximately 46% Si nanowires, 21%
carbon nano-tubes (CNTs), and 33% carbon matrix. Another
sample, Comparative Sample 6C, was prepared that was com-
posed of approximately 45% Si nanowires and 55% carbon
matrix.

The cycling responses of these three samples were studied
using a half cell testing configuration in which a Li foil serves
as both a reference and counter electrode and the prepared
nanocomposite solid particle-based electrode as a working
electrode. The results are summarized in FIG. 8. It is clear that
the anode materials protected by NGP-reinforced carbon
matrix led to a superior cyclic response in terms of high
specific capacity and cycling stability (still >1,250 mAh/g,
per gram of total composite weight, after an impressive 550
cycles). This is even better than those of the materials pro-
tected by carbon nano-tubes (CNTs), which are much more
expensive. However, CNT-reinforced carbon-protected elec-
trodes do provide relatively good cycling responses, up to 100
cycles (the limit of my patience during that experiment). By
contrast, the carbon matrix, without a nano filler, provides a
limited protection.

EXAMPLE 7

Lithium Iron Phosphate-Containing Nanocomposite
Particles for the Cathode

Lithium iron phosphate LiFePO, is a promising candidate
cathode material in lithium-ion batteries for electric vehicle
applications. The advantages of LiFePO, as a cathode active
material includes a high theoretical capacity (170 mAh/g),
environmental benignity, low resource cost, good cycling
stability, high temperature capability, and prospect for a safer
cell compared with LiCoO,. The major drawback with this
material has been low electronic conductivity, on the order of
10~° S/cm?. This renders it difficult to prepare cathodes
capable of operating at high rates. In addition, poor solid-
phase transport means that the utilization of the active mate-
rial is a strong function of the particle size. The presently
invented nanocomposite approach overcomes this major
problem by using nano-scaled particles (to reduce the Li ion
diffusion path and electron transport path distance) dispersed
in a carbon matrix reinforced with NGPs.

Lithium iron phosphate (LiFePO,) particles were mixed
with a selected proportion of NGPs, phenolic resin, and
acetone to make a suspension, which was then subjected to
spray pyrolysis to obtain nanocomposite particles. The par-
ticles, containing phenolic resin, was then cured at 200° C. for
one hour and carbonized at 600° C. for two hours to obtain the
desired solid nanocomposite particles as a cathode active
material. The final composition contains approximately 88%
by weight lithium ion phosphate nano particles, 5% by weight
NGPs, and 7% by weight carbon. A comparative sample
containing approximately 88% by weight lithium ion phos-
phate nano particles and 12% carbon matrix was also pre-
pared in a similar manner. Their cycling responses in a half-
cell configuration are shown in FIG. 9.
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EXAMPLE 8

Preparation of Electro-Active Nano Particles
(LiCoO,-Based Cathode Material)

A micro-emulsion method was used to prepare nano-
scaled lithium cobalt oxide particles. Stoichiometric LiNO,
and Co(NO,), 6H,O were dissolved in water to form an
aqueous phase. The salinity of the aqueous phase was varied
between 1 M and 2 M. The primary component of the oil
phase was analytical grade cyclohexane. 1-Hexanol [CH,
(CH,),OH] and OP-10 [polyoxyethylene octylphenyl ether,
4-(CgH,,)C-H,(OCH,CH,),,OH, n. 10] were chosen as the
surfactant and co-surfactant, respectively. The volume ratio
of'the surfactant to the co-surfactant was adjusted to 3:2. The
well-mixed water phase was added to the oil phase with the
volume ratio maintained at 1:10. After thorough stirring, a
thermodynamically stable micro-emulsion system was
obtained. This micro-emulsion was added dropwise to the hot
oil phase at 200° C. via a peristaltic pump. The obtained
precursors were further dried at 400° C. to remove organic
phase. The dried powders were calcined at 850° C. for 2
hours. The LiCoO, particle sizes were found to be between 85
and 150 nm.

The LiCoO, particles were mixed with a desired propor-
tion of NGPs, phenolic resin, and acetone to make a suspen-
sion, which was then subjected to spray pyrolysis to obtain
nanocomposite particles. The particles, containing phenolic
resin, was then cured at 200° C. for one hour and carbonized
at 600° C. for two hours to obtain the desired solid nanocom-
posite particles as a cathode active material. The final com-
position contains approximately 87% by weight lithium ion
phosphate nano particles, 5% by weight NGPs, and 8% by
weight carbon. A comparative sample containing approxi-
mately 87% by weight lithium ion phosphate nano particles
and 13% carbon matrix was also prepared in a similar manner.

EXAMPLE 9

Preparation of Electro-Active Nano Particles
(y-LiV,05-Based Cathode Material)

A simple and mild solvo-thermal method was used for the
synthesis of y-LiV,0s. In this process, elongated y-LiV,0;
nano particles were synthesized directly from the solvo-ther-
mal reaction of V,05, LiOH and ethanol at 160° C. in an
autoclave. Ethanol was employed as a solvent as well as a
reducing agent. In a 50-ml Teflon vessel, 0.02 mol of analyti-
cally pure LiOH and V,0; were mixed in 40 ml of ethanol.
The mixture was subjected to magnetic stirring for 30 min-
utes. The Teflon vessel containing the mixture was then put
into a stainless steel autoclave, which was maintained at 180°
C. under autogenous pressure for 18 hours. The mixture was
then allowed to cool to room temperature naturally. The as-
formed solid precipitate was filtered, washed with ethanol
and dried at 100° C. for 2 hours. Transmission electron micro-
scopic examinations of the solid precipitate indicates that the
v-LiV,0; particles have a length 0 0.3-3 um and a transverse
dimension (diameter) of approximately 30-50 nm. These par-
ticles may be called “nano-rods.” Presumably, the reaction
can be expressed as follows: 2 LiOH+V,0,+CH,CH,OH—2
v-LiV,05+CH;CHO+2H,0.

Compared with the conventional preparation methods for
y-LiV, 0, this solvo-thermal method is less expensive and
chemically milder. In particular, vacuum, argon/nitrogen pro-
tected atmosphere, or post-annealing is not necessary for this
simple one-step process. This process offers a potentially
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low-temperature, low-cost, and environmentally friendly
way of producing single-phase, uniform-particle size, and
fine-grained y-L.iV,0O5 for rechargeable lithium batteries.

The y-LiV,05 nano-rods were mixed with a selected pro-
portion of NGPs, phenolic resin, and acetone to make a sus-
pension, which was then subjected to spray pyrolysis to
obtain nanocomposite particles. The particles, containing
phenolic resin, was then cured at 200° C. for one hour and
carbonized at 600° C. for two hours to obtain the desired solid
nanocomposite particles as a cathode active material. The
final composition contains approximately 88% by weight
y-LiV,04 nano-rods, 5% by weight NGPs, and 7% by weight
carbon. A comparative sample containing approximately
88% by weight y-LiV,05 nano-rods and 12% carbon matrix
was also prepared in a similar manner. For cycling test pur-
pose, a third sample without any carbon protection (bare
y-LiV,05 nano-rods only) was prepared by mixing the nano-
rods with carbon black (10%) as a conductive additive,
bonded with 8% PVDF as in the other two samples. The
testing results, summarized in FIG. 10, indicate that a protec-
tive carbon matrix can effectively improve the cycling stabil-
ity of y-LiV,0; nano-rod-based cathodes and that the pres-
ence of NGPs significantly enhances such a protection,
perhaps by eftectively reducing the amount of irreversibility
and suppressing the crack formation.

EXAMPLE 10

Preparation of Electro-Active Nano Particles
(LiMn,O,-Based Cathode Material)

A particularly useful process involves the insertion of
lithium into electrolytic manganese dioxide (EMD) in an
aqueous medium with glucose as a mild reductant in open air.
The material resulting from calcination is pure, spinel-struc-
tured LiMn, O, particles of sub-micrometric and nanometric
size. In one example, the synthesis procedure entailed dis-
solving 75.4 g of lithium hydroxide (Aldrich) in 3 L of
double-distilled water in a 10-L beaker. To this solution,
156.6 gof EMD was added and the resulting slurry was stirred
for 1 hour at 80° C. Then 7.5 g of glucose dissolved in 500 mL
of' water was added while the slurry was being stirred, which
was followed by the addition of 4 L of water. The stirring
(reaction) was continued further for 8 hours at 80° C. At the
end, the reaction slurry was 7.5 L and allowed to cool and
settle for 12 hours. The solid product was washed several
times with pure water and then dried at 120° C. The powder
was calcined at 775° C. for 24 h in porcelain dishes. The
particle sizes of the resulting LiMn,O, were typically in the
range of 40-120 nm. Two solid nanocomposite samples were
prepared by using a procedure similar to that in Example 9.
The compositions of these two samples are (90% LiMn,O,+
1% NGP+9% carbon) and (90% LiMn,O,+8% NGP+2%
carbon). The particles were found to be mostly spherical or
ellipsoidal in shape.

EXAMPLE 11

The Cyclic Responses of Composites Composed of

Si Nano Particles (60 nm) or Sub-Micron Particles

(560 nm) Dispersed in an NGP-Reinforced Carbon
Matrix or Graphite-Reinforced Carbon Matrix

For comparison purposes, spherical nano-Si/graphite/car-
bon composite powders were prepared in the following man-
ner: Nano-Si (99.9%, 60 nm) and natural graphite (~5 um)
powders were mixed in a weight ratio of 30:70. The Si and
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graphite powders were dispersed in a tetrahydrofuran (THF)
solution in which a pitch (A500 from Ashland Chemical) as a
carbon precursor was dissolved (solid Si-graphite content of
33 wt. %) and then vacuum-dried at 100° C. for 6 h. The dried
composite was ball-milled for 6 hours to prepare the first
spherical composite particles. Then, the first composite par-
ticles and petroleum-based pitch powders were mixed in a
weight ratio of 87:13 again in a THF solution, followed by
palletizing (using an atomizer-based spray-dryer in an air
atmosphere) and heating under an argon atmosphere at 1,000°
C.

Two Si-NGP-carbon composites were prepared as follows:
Si particles (60 nm and 560 nm in diameter, separately) and
NGPs (average thickness=8.9 nm) were dispersed in a THF
solution in which a pitch as a carbon precursor was dissolved.
The resulting suspension was palletized (using an atomizer-
based spray-dryer in an air atmosphere) and heated under an
argon atmosphere at 1,000° C. to obtain solid composite
particles of substantially spherical shape (containing Si nano
particles) and ellipsoidal shape (Sub-micron Si particles with
an average diameter of 560 nm).

The electrochemical behaviors of these three composite
materials were evaluated and the results in terms of the revers-
ible specific capacity as a function of cycles are plotted in
FIG. 11. Two highly significant observations can be made
here. The first is the notion that the NGP-reinforced carbon
matrix is more effective than the graphite-reinforced carbon
matrix in terms of serving as a protecting matrix for Si par-
ticles to maintain long-term structural integrity of an elec-
trode. Although the graphite-reinforced sample performed
well during the first 50 cycles, its response deteriorated sig-
nificantly after 70 cycles. In contrast, both NGP-protected
samples maintain a specific capacity higher than 700 mAh/g
even after 400 cycles. It is of significance to note that ball-
milling of graphite particles could destruct the particle struc-
ture and perhaps sporadically form some graphite flaks (e.g.,
>50-100 nm) or even some small amount of nano graphene
platelets (e.g., <50 nm). But, FIG. 11 clearly showed that this
configuration was not good enough to provide long-term
protection against electrode deterioration induced by
repeated charge and discharge operations.

The second observation is that sub-micron Si particles (560
nm) performed as well as the nano-scaled Si particles (60 nm)
when under the protection of an NGP-reinforced carbon
matrix. This is significant since nano-scale particles are typi-
cally quite expensive to produce, yet sub-micron particles can
be cost-effectively made by techniques such as high-intensity
ball-milling.

EXAMPLE 12

Fracture Toughness of Carbon, Graphite-Reinforced
Carbon, and NGP-Reinforced Carbon Matrix
Materials

In order to gain additional insight into the reasons why
isolated or discrete NGPs prepared prior to being incorpo-
rated in a carbon matrix performed so well in helping to
maintain the long-term electrode integrity, we decided to
measure the fracture toughness or critical stress intensity
factor of three series of composite samples using ASTM E399
fracture toughness test. One series of composites contain
isolated NGPs (<10 nm, supplied from Angstron Materials,
LLC, Dayton, Ohio) as a nano filler or reinforcement. The
second series of composites contain fine graphite particles
(approximately 5 um) dispersed in a carbon matrix. The third
series of composites were prepared from a petroleum pitch
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containing some meso-phase domains. Several meso-phase
pitch samples were separately subjected to graphitization
treatments (2,000° C. for 1-5 hours and 2,500° C. for 1-2
hours) to grow graphite crystallites of different weight frac-
tions in situ from the pitch matrix. Some of these graphite
crystallites may be qualified as nano graphene platelets since
they might have a thickness <50 um). But, these graphene
structures are part of a carbon structure and grew out of the
carbon matrix.

The fracture toughness data, an indication of resistance to
micro-crack nucleation and growth, are shown in FIG. 12.
Although graphite particles were slightly effective in improv-
ing the cracking resistance of carbon, this improvement was
diminished when the graphite weight fraction exceeded 30%.
This might be due to the difficulty in uniformly dispersing
graphite particles. Furthermore, natural graphite particles are
not a high-strength material. Similarly, graphite crystallites
grown in situ from a carbon matrix source were not effective
in improving the cracking resistance of carbon as well. Such
a graphitization treatment inevitably involves an ultra-high
temperature (typically >2,000° C.) that is slow and energy-
intensive. Such a high temperature environment is also con-
ducive to the occurrence of undesirable chemical reactions
(e.g., reaction of Si with C to form SiC, reducing the useful
amount of Si).

Quite surprisingly, the isolated NGPs prepared before
being added into a carbon matrix provide very impressive
enhancement in cracking resistance for carbon up to 60% by
weight of NGPs. This observation appears to further assert the
notion that isolated NGPs are a totally different class of
material than carbon and graphite.

In conclusion, we have successtully developed a new and
novel class of solid nanocomposite particles that are superior
lithium battery electrode materials. These particles contain an
electro-active material that has a high lithium storage capac-
ity and a protective matrix material that is reinforced by
NGPs. Such a nanocomposite platform technology has the
following highly desirable features or advantages:

(1) NGPs are of high strength, high electrical conductivity,
and high thermal conductivity. As a matter of fact, NGPs
have been recently found to exhibit the highest intrinsic
strength and highest intrinsic thermal conductivity
among all existing materials [41,42]. NGPs are a new
class of material.

(2) A high thermal conductivity implies a high heat dissi-
pation rate. This is an important feature since the charge
and discharge operations of a battery produce a great
amount of heat. Without a fast heat dissipation rate, the
battery cannot be charged or discharged at a high rate.

(3) The high strength of NGPs significantly improves the
overall strength and fracture toughness (resistance to
cracking) of a protective matrix (such as carbon) which
is otherwise usually weak or brittle.

(4) The most commonly used protective matrix is carbon
which is not very electrically conductive. NGPs have an
electrical conductivity (up to 20,000 S/cm) that is sev-
eral orders of magnitude higher than that of carbon
matrix (typically 0.001-1 S/cm).

(5) Carbon matrix intrinsically has an excessive amount of
defect sites that irreversibly trap or capture lithium
atoms or ions (would not let go during discharge),
thereby significantly reducing the amount of lithium that
can shuttle back and forth between the anode and cath-
ode. By adding a certain amount of NGPs, which are
themselves an anode active material, one can eftectively
reduce the proportion of carbon (hence, reducing the
amount of irreversibility).
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(6) Although conventional graphite particles (being also an
anode active material) can be added to the carbon matrix
to reduce the amount of the protective carbon, our
experimental data have demonstrated that these graphite
particles do not improve the cracking resistance of car-
bon. Therefore, the resulting anode composite materials
(e.g., containing Si and graphite particles dispersed in a
carbon matrix) do not provide a long cycle life. By
contrast, by replacing graphite particles with NGPs that
are of much higher strength, we were able to signifi-
cantly increase the useful cycle life while maintaining
the reversible capacity at an unprecedented level.

(7) Carbon nano-tubes (CNTs) were found to be an effec-
tive nano reinforcement additive for a protective matrix
material as well. But, CNTs remain too expensive at this
stage of development. The NGP-reinforced solid nano-
composite particles of the present invention can be
readily mass-produced and are of low cost.

(8) Quite surprisingly, NGP-containing solid nanocompos-
ite can be readily made into spherical particles having a
small diameter (typically lower than 10 um, more often
lower than 5 pm, and can be smaller than 1 um). This is
particularly desirable for power tool and electric vehicle
applications where the battery must be capable of being
charged and discharged at a high rate.

(9) Further surprisingly, NGP-reinforced protective matrix
materials appear to be capable of effectively cushioning
the large volume changes of electro-active materials
such as Si. When these electro-active materials have a
dimension smaller than 1 pm, they can maintain good
structural integrity, under the protection of a NGP-rein-
forced matrix, during repeated charge-discharge cycles.
Besides, the matrix itself also becomes quite resistant to
crack initiation and propagation.

(10) The present approach is applicable to both the cathode
and anode and, hence, is good for both lithium metal
batteries (for their cathodes) and lithium ion batteries
(for anodes and cathodes).

(11) As pointed out earlier, the anode structure of Chan, et
al [Ref. 28] is not compatible with the existing practice
of making lithium ion battery that involves coating and
laminating anode, separator, and cathode layers through
several stages of rolling operations. The vertically
grown Si nano-wires would not survive such a proce-
dure. In contrast, our anode material requires no varia-
tion in the existing procedures and requires no additional
capital equipment.

In summary, the presently invented solid nanocomposite
particles surprisingly impart the following highly desirable
attributes to a lithium battery electrode: high reversible
capacity, low irreversible capacity, small particle sizes (for
high-rate capacity), compatibility with commonly used elec-
trolytes, and long charge-discharge cycle life.

The invention claimed is:

1. A process for producing solid nanocomposite particles
for lithium metal or lithium ion battery electrodes, said pro-
cess comprising:

(A) preparing an electrode active material in a form of fine

particles, rods, wires, fibers, or tubes

with a dimension smaller than 1 um;

(B) preparing separated or isolated nano graphene platelets
with a thickness less than 50 nm; and

(C) dispersing said nano graphene platelets and said elec-
trode active material in a protective matrix material to
form said solid nanocomposite particles, wherein said
protective matrix material is reinforced by said nano
graphene platelets.
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2. The process of claim 1, wherein Step (C) comprises:

(1) dispersing said nano graphene platelets and said elec-
trode active material in a precursor fluid medium to form
a suspension wherein said fluid medium contains a pre-
cursor matrix material dispersed or dissolved therein;
and

(i1) converting suspension to said solid nanocomposite par-

ticles, wherein said precursor matrix material is con-
verted into said protective matrix material reinforced by
said nano graphene platelets and said electrode active
material is substantially dispersed in said protective
matrix material.

3. The process of claim 2, wherein said step of converting
comprises atomizing or aerosolizing said suspension into
solid nanocomposite particles.

4. The process of claim 2, wherein said solid nanocompos-
ite particles have a substantially spherical or ellipsoidal
shape.

5. The process of claim 1, wherein said solid nanocompos-
ite particles are of substantially spherical or ellipsoidal shape
with a dimension less than 10 pm.

6. The process of claim 2, wherein said solid nanocompos-
ite particles are of substantially spherical or ellipsoidal shape
with a dimension less than 5 pm.

7. The process of claim 1, wherein said protective matrix
material is lithium ion-conducting.

8. The process of claim 1, wherein said protective matrix
material is selected from a polymer, polymeric carbon, amor-
phous carbon, meso-phase carbon, coke, petroleum pitch,
coal tar pitch, meso-phase pitch, metal oxide, metal hydride,
metal nitride, metal carbide, metal sulfide, ceramic, inor-
ganic, organic material, or a combination thereof.

9. The process of claim 2, wherein said step of converting
said suspension comprises a step selected from (a) solidifying
a precursor polymer or resin liquid into a solid polymer or
resin; (b) removing a liquid or solvent from said suspension;
(c) polymerizing a precursor monomer material; (d) curing a
precursor resin to form a solid resin; (e) inducing a chemical
reaction to form the protective matrix material; (f) heat-treat-
ing an organic material to form a carbon matrix material; or a
combination thereof.

10. The process of claim 9, wherein said step of heat-
treating the organic material comprises pyrolyzing or heat-
treating a polymer, resin, coal tar pitch, petroleum pitch,
meso-phase pitch, coke, sugar, glucose, or a combination
thereof to produce a carbon matrix material.

11. The process of claim 1, wherein said nano graphene
platelets have a thickness less than 10 nm.

12. The process of claim 1, wherein said nano graphene
platelets have a thickness less than 1 nm.

13. The process of claim 1, wherein said graphene platelets
are prepared from exfoliation and platelet separation of a
natural graphite, synthetic graphite, highly oriented pyrolytic
graphite, graphite fiber, carbon fiber, carbon nano-fiber, gra-
phitic nano-fiber, spherical graphite or graphite globule,
meso-phase micro-bead, meso-phase pitch, graphitic coke, or
graphitized polymeric carbon; and said step of exfoliation
and platelet separation is conducted independent of or sepa-
rate from said step (A) of preparing the active material.

14. The process as defined in claim 1, wherein said elec-
trode active material comprises fine particles, rods, wires,
fibers, or tubes with a dimension smaller than 0.5 pm.

15. The process as defined in claim 1, wherein said elec-
trode active material comprises fine particles, rods, wires,
fibers, or tubes with a dimension smaller than 200 nm.

16. The process as defined in claim 1, wherein said elec-
trode active material comprises nano particles, nano rods,
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nano wires, nano fibers, or nano tubes with a dimension
smaller than 700 nm but larger than 100 nm.

17. The process as defined in claim 1, wherein said elec-
trode active material comprises nano particles, nano rods,
nano wires, nano fibers, or nano tubes of silicon, germanium,
or tin with a diameter smaller than 100 nm.

18. The process of claim 1 wherein the electrode active
material comprises an anode active material selected from the
group consisting of:

a) silicon (Si), germanium (Ge), tin (Sn), lead (Pb), anti-
mony (Sb), bismuth (Bi), zinc (Zn), aluminum (Al), and
cadmium (Cd);

b) alloys or intermetallic compounds of Si, Ge, Sn, Pb, Sb,
Bi, Zn, Al, or Cd with other elements, wherein said

alloys or compounds are stoichiometric or non-stoichio-
metric;
c) oxides, carbides, nitrides, sulfides, phosphides,

selenides, and tellurides of Si, Ge, Sn, Pb, Sb, Bi, Zn, Al,
Fe, or Cd, and their mixtures or composites; and
d) combinations thereof.
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19. The process of claim 1 wherein the electrode active
material comprises a cathode active material selected from
the group consisting of lithium cobalt oxide, doped lithium
cobalt oxide, lithium nickel oxide, doped lithium nickel
oxide, lithium manganese oxide, doped lithium manganese
oxide, lithium iron phosphate, lithium manganese phosphate,
lithium vanadium oxide, doped lithium vanadium oxide,
lithium vanadium phosphate, lithium transition metal phos-
phate, lithium mixed-metal phosphates, metal sulfides, metal
phosphides, metal halogenides, and combinations thereof.

20. The process of claim 1 wherein said graphene platelets
occupy a weight fraction w, of 2% to 50% of the total nano-
composite weight, said electrode active material occupies a
weight fraction w,, of 10% to 80% of the total nanocomposite
weight, and said matrix material occupies a weight fraction
w,, of 4% to 30% of the total nanocomposite weight with
W AW, W, =1.

21. The process of claim 1, further comprising a nano filler
selected from a carbon nano-tube, a carbon nano-fiber, or a
nano-rod.



